A twelve-month study was conducted on changes in fatty acid composition and pesticide 9 residues in honeybees and beebread. In honeybees, saturated fatty acid and monounsaturated 10 fatty acid gradually increased as summer began then decreased when spring started, and 11 polyunsaturated fatty acid had an opposite seasonal trend. Similar fluctuation was observed in 12 the beebread collected from the same hive as those honeybees through summer to fall, especially 13 in the essential fatty acids omega-6 and omega-3. Honeybees' lipid metabolism can be disrupted 14 after being exposed to a sub-lethal level of pesticide. Although three out of sixteen analyzed 15 pesticides were detected in beebread samples summer through fall in our study, we were not able 16 to find any negative affect of those pesticides on the honeybees' fatty acid composition.
INTRODUCTION
Western honeybees (Apis mellifera) are generalist pollinators adapted to using patchy 22 resources that change through the seasons. Their foraging range is usually within 6 km of the 23 hive (Capaldi et al. 2000) while food sources within 3 km of the hive benefit honeybees the most fluvalinate), and triazine (atrazine) herbicide in the honeybee and beebread samples has been 136 described previously (Li et al. 2015) . Briefly, the sample extract was cleaned up using 500 mg 137 of Z-Sep sorbent, vortexed, centrifuged, and evaporated under nitrogen gas. The separation of 138 pesticides, surrogates, and internal standards was performed on a GC equipped with a 5975C 139 mass selective detector (Agilent Technologies; Santa Clara, California, USA) in negative 140 chemical ionization (NCI) mode except for atrazine, which was quantified in electron impact 141 (EI) mode. For further details see Supplemental Methods. and solvent changed to 0.5 mL in methanol for subsequent liquid chromatography (HPLC, 1260 151 Infinity, Agilent Technologies, Santa Clara, CA, USA) tandem-mass spectrometry (MS/MS, 152 ABSCIEX 3200 Q TRAP, Framingham, MA, USA) analysis. For further details see 153 Supplemental Methods. 154 2.6. Essential fatty acid assessment 155 The ratio of PUFAs to SFAs (PUFAs: SFAs) was used to study the FA composition changes 156 in honeybees corresponding to the temperature variation throughout the year and the relationship 157 between FA composition in honeybees and beebread. PUFAs: SFAs was calculated as the weight 158 9 percent of all PUFAs divided by the weight percent of all SFAs. In honeybees, it is well known 159 that successful overwintering is critical for colony survival. An increasing unsaturated to 160 saturated fatty acid ratio in in phospholipids chains can help insects to maintain the membrane 161 fluidity at low temperature, which makes the cold-tolerant organisms adapt to the temperature 162 changes better than the cold-susceptible organisms (Ohtsu, et al. 1998) . UFAs are known to be 163 attractive to honeybees and pollen is their only resource for these fatty acids. Omega-6 and 164 omega-3 are PUFAs that particularly essential in honeybees' diet which can affect their health.
165
Therefore, the ratio of omega-6 to omega-3 (omega-6:3) was used to study the floral resource 166 quality variation throughout the year and the relationship between the essential FAs in honeybees 167 and beebread. Omega-6:3 was calculated as the weight percent of all omega- variances of the differences between the levels of the within-subjects factor are equal). F statistic 177 was calculated and corrected according to Greenhouse & Geisser (1959) if the assumption of 178 sphericity was not met. The sample effect size based on within-subjects factor variability was 179 reported as partial eta squared (partial η 2 ). Differences of each FA over time were considered 180 significant at P < 0.05. The FAs occurring in greatest proportion in honeybee samples were oleic acid (C18:1n-9), 184 palmitic acid (C16:0), alpha-linolenic acid (C18:3n-3), stearic acid (C18:0), and linoleic acid 185 (C18:2n-6). These main FAs in honeybees constituted 90.4% of the total fatty acids (TFA) 186 (Table S1 ). Two of the main FAs in honey bees, stearic acid (F 1.878, 3.757 = 26.024, p = 0.006, 187 partial η 2 = 0.929) and linoleic acid (F 1.894, 3.788 = 8.883, p = 0.038, partial η 2 = 0.816) changed 188 significantly over time. Both of these long-chain fatty acids showed the highest percentage in the 189 spring and summer when honeybees were actively foraging ( Figure 2 ). The majority of FAs in 190 honeybees across seasons were MUFAs which ranged from 32.2 to 57.6% of TFA, followed by 191 SFAs which ranged from 25.8 to 36.8% of TFA, and lastly PUFAs which ranged from 13.7 to 192 34.7% of TFA (Table S1 ). Overall, percentages of SFAs were lowest in April and highest in 197 The FAs occurring in the greatest proportion in beebread samples were alpha-linolenic acid 198 (C18:3n-3), palmitic acid (C16:0), linoleic acid (C18:2n-6), oleic acid (C18:1n-9), and stearic 199 acid (C18:0). These main FAs in beebread constituted 81.5% of the TFA (Table S2 ). One of the 200 main FAs in beebread, stearic acid (F 1.503, 3.006 = 45.079, p = 0.006, partial η 2 = 0.958) changed 201 significantly over time. Percentages of alpha-linolenic acid (C18:3n-3) and linoleic acid (C18:2n-202 6) in beebread were greater during summer than fall ( Figure 4 ). The majority of fatty acids in 203 beebread cross seasons were PUFAs which ranged from 36.5 to 55.3% of TFA, followed by 204 SFAs which ranged from 28.6 to 45.8% of TFA, and lastly MUFAs which ranged from 7.3 to 205 20.4% of TFA (Table S2 ). Overall, percentages of SFAs were lowest in May and highest in 206 October ( Figure 3A ), percentages of MUFAs were lowest in August and highest in May ( Figure   207 3B), and percentages of PUFAs were lowest in October and highest in June ( Figure 3C ). Only 208 the percentage of SFAs out of TFA changed significantly over time, F (1.503, 3.006) = 78.082, p = 209 0.003, partial η 2 = 0.975. 
Essential fatty acid composition changes 211
In honeybees, the lowest PUFAs: SFAs ratio was found in November and the highest 212 PUFAs: SFAs ratio was found in May (range 0.43 to 1.80) ( Figure 5A ); in beebread a similar 213 trend was observed with the lowest ratio in October, and the highest ratio in May and September 214 (range 0.78 to 2.08) ( Figure 5B ). In honeybees, the lowest Omega 6:3 ratio was found in March 215 and the highest Omega 6:3 ratio was found in September (range 0.25 to 1.02) ( Figure 6A ). In 216 beebread, the omega-6:3 ratio changed erratically among hives with the lowest ratio in July and 217 the highest ratio in September (range 0.29 to 0.9) ( Figure 6B ). The omega-6:3 ratio in beebread 218 sample were different for two hives in the same location indicating that honeybees were not 219 foraging on the same resources. Omega-6:3 ratio also different between locations. Beebread 220 samples from Kentland Farm (KF) showed lower omega-6:3 ratios than those from Prices Fork 221 apiary (PF) every month except for September. 
Pesticide residues in honeybees and beebread 223
No pesticides were detected above the method detection limits (MDLs) in 85 honeybee 224 samples, which ranged from 0.4 to 5.4 ng/g wet weight (ww). Three pesticides were detected 225 from a total of 49 beebread samples with MDLs ranging from 0.3 to 4.5 ng/g ww (Table 1) . The 226 most frequent detections were coumaphos (36.7% of samples) with the concentrations that 227 12 ranged from 2.4 to 46.0 ng/g ww, followed by chlorothalonil (32.7% of samples) which ranged 228 from 6.4 to 32.1 ng/g ww, and lastly fluvalinate (4.1% of samples) which ranged from 7.2 to 8.3 229 ng/g ww. Beebread samples that had positive detections were all collected May through 230 September 2015. Levels of detected pesticide compounds were 100 to 10,000 times lower than 231 their average acute toxicity LD50 (Table 1) . honeybees were actively foraging to support the colony reproduction.
282
We compared the PUFAs: SFAs and omega-6:3 ratio in both honeybees and beebread among 283 four different honeybee hives located at two different locations and observed similar fluctuations 284 in the ratios in honeybees and beebread. Although the landscape characteristics around our hive 285 locations were similar, the ratios in beebread were slightly different among hives. This suggests 286 that floral type and diversity between these two locations were different and honeybees from 287 different hives may not forage on the same floral patches. Honeybees fed with omega-3 poor diet 288 were found to have reduced hypohparyngeal gland size and reduced omega-3 levels in their body 289 tissues. Omega-3 deficiency along with a high omega-6:3 ratio in pollen can impair honeybees' 
305
In recent years, the increase of managed honeybee colony declines and overwintering failure 306 have become recognized problems worldwide (Goulson, 2013) . Honeybee workers increase their 307 nectar and pollen collection and consumption in late fall to accumulate fatty tissues, which helps 308 increase their cold resistance for the approaching winter (Doeke et al. 2015) . In ectothermic 309 insects, higher percentage of PUFAs in phospholipids in the lipid layer allows better membrane 310 fluidity when ambient temperature drops (Ohtsu et al. 1998 ). The lipid compositional changes 311 that allow insects to regulate their membrane properties and functions was termed homeoviscous 312 adaption (Sinensky, 1974) . Giri et al. (2015) hypothesized that the PUFA: SFA ratio of 313 ectothermic bees would be higher in cool temperature compare to those in warm temperature, 314 and the ratio of endothermic bees should remain constant even when the ambient temperature 315 varies widely. Our study found that the PUFA: SFA ratio in honeybees decreased through 316 summer to early fall, and remain constant through late fall to winter, then increased as spring (Wahl and Ulm, 1983) . In our study, the pesticides we analyzed in 334 honeybees and beebread were those utilized by agriculture within the foraging range. Only trace 335 amount of three common beekeeper-applied pesticides to control parasitic mites -coumaphos 336 (organophosphate acaricide), chlorothalonil (organophosphate acaricide), and fluvalinate 337 (pyrethroid acaricide) were detected in the beebread through summer and early fall from all four 338 hives, and there were no positive pesticide detection in honeybees. These detections could be a 339 result of residues in the wax from past pesticide applications being released into the beebread or 340 evidence that the honeybees were robbing resources from other hives. Gurushankara et al (2007) 341 found that exposure to organochlorine and organophosphate pesticides could change FA 342 composition in various organisms, likely reflecting a disruption of lipid metabolism. However, 343 we did not find any significant changes in FA composition of either honeybee or beebread 344 corresponding to the presence of temporary pesticide residue in the hives. This lack of 345 differentiation between hives could be due to the similarity of the percentage of pesticide hive failure, determining the cause of that failure was beyond the scope of our study. Pesticide 360 residues and dietary FA composition might play a role in some honeybee colony collapses.
361
However, we did not observe anything indicating this was the case in this study. Our finding that 
